A toxic effect of a,a-trehalose in an angiospermic plant, Cuscuta reflexa
reported to occur in algae (19) and pteridophytes (14, 26) . Reports on the occurrence of trehalose in higher plants (15, 23) has been repudiated by Gussin (10) as due to faulty techniques and microbial contamination and he has also concluded that trehalose does not occur in the angiosperms. However, trehalase (EC 3.2.1.28) activity has been found in all higher plants examined (1, 6, 8, 1 1, 12) . A variety of plant tissues are able to utilize trehalose for growth in vitro (5, 12, 20, 22, 27) , though the growth response is poor in some cases (30) . This paper reports the toxic effect of trehalose on certain higher plants, an observation hitherto not reported. This observation was made when various carbohydrates were tested as energy sources for the in vitro growth of the excised shoot tip of dodder, Cuscuta, as an indeterminate meristem (18) . The in vitro culture technique was therefore used to study the responses of several higher plant tissues to trehalose to determine the extent to which this disaccharide is toxic to angiospermous plants. The results suggest that trehalose may be toxic to those plant tissues where trehalase activity is low. The implications of these findings are discussed.
MATERIALS AND METHODS
In Vitro Culture of Plants. Dodder shoot tips were cultured as described previously (18) . This species of dodder, erroneously ' Supported in part by a research grant from the Department of Science and Technology, Government of India.
2To whom correspondence should be addressed. described as Cuscuta chinensis Lamk. (18) , has now been identified as Cuscuta reflexa Roxb. The culture medium was the same as used earlier (18) , except that the medium lacking a sugar is designated as BM.3 Callus cultures were generated from Datura innoxia Linn. (stem), Nicotiana tabacum Linn. var. Wisconsin 38 (stem), Daucus carota Lamk. (root) and Glycine max Linn. (hypocotyl). These cafli were initiated and maintained on Murashife and Skoog's medium (21) supplemented with 3% sucrose, 10-M a-naphthaleneacetic acid and 10-5 M BA and solidified with 0.8% (w/v) Difco agar. The cultures were grown in tubes (15 x 2.5 cm) containing 10 ml medium and were subcultured at intervals of 20 days.
Shoot explants were obtained from 7-to 14-day-old seedlings of Zea mays Linn., Raphanus sativus Linn., Quamoclit phoenicea Choisy, and Phaseolus radiatus Linn. The seedlings were grown aseptically in BM solidified with 0.8% (w/v) agar in tubes (20 x 2.5 cm). The roots and cotyledons were removed; the shoots were placed upright in I ml liquid BM without or with a sugar (2%, w/ v).
Lemna paucicostata Heg. strains LP6 and 6746 (obtained from Prof. S. C. Maheshwari, University of Delhi) were cultured in 50 ml Hutneres (2) half strength medium without a carbon source in 100 ml Erlenmeyer flasks. The plants were multiplied by transferring 15 to 20 fronds to new medium at intervals of 30 days.
All cultures were maintained at 25 + 2°C with a 16-h light and 8-h dark regimen. The illumination was from fluorescent lamps (cool-white, 40 w), placed 50 cm from the cultures, which yielded a light intensity of about 150 lux at the level of the cultures.
Enzyme Assays. The tissue (1-2 g) was homogenized with 1 g sand and 200 mg insoluble polyvinylpolypyrrolidone in 5 ml 50 mM sodium acetate buffer (pH 5.5), containing 100 mm sodium ascorbate (17) . The crude homogenate was centrifuged at 12,000g for 15 min; the supernatant was dialyzed twice against 1 liter 50 mM sodium acetate buffer (pH 5.5). The dialyzed extract was centrifuged at 12,000g and the clear supernatant used as enzyme.
Trehalase activity in the extract was measured by estimating the glucose produced by the hydrolysis of trehalose by the method of Somogyi (28) or by the glucose oxidase-peroxidase method (7) . The reaction mixture contained 0.2 ml of the substrate (20 mM trehalose) and a suitable volume of the extract. The total volume was made up to 2 ml with 50 mm sodium acetate buffer (pH 5.5). The reaction mixture was incubated at 30°C for 30 min.
Protein in the tissue homogenates was estimated by the method of Potty (24) . Specific activity of trehalase is expressed as nmol of glucose formed min-' mg-1 protein at 30°C. (Table I ). Mannose and mannitol were poor carbon sources. Fructose, galactose, glucose, lactose, maltose, cellobiose, gentiobiose, isomaltose, raffinose, and melezitose supported good growth and were comparable to sucrose in their effects. In marked contrast, a,a-trehalose caused blackening of the shoot tips within 3 days. These explants were considered to have been killed.
Several analogs of trehalose were tested for their effect on the shoot tips of Cuscuta (Table II) . a,a-Galactotrehalose (a-D-galac- topyranosyl-a-D-galactopyranoside) and fi,lf-trehalose (fi-D-glu- The minimum concentration of a,-trehalose required to cause blackening of Cuscuta shoot tips was 0.5% (w/v) (Fig. 1) . In 2%
trehalose, 92% of the explants blackened. This concentration was used in the subsequent experiments. After 3 and 6 days, the blackened explants numbered 50 and 93%, respectively.
Trehalose Toxicity in Long Cuwta Vines. Vines of different lengths were fed trehalose for 3 days through their cut ends. These were not surface-sterilized, but their cut ends were rinsed in sterile water and dipped in 0.3 ml sterile medium per tube. Microbial contamination was minimized by daily transfers of the vines into tubes containing fresh medium. In all vines, blackening was confined to the terminal 2.5-cm portion (Fig. 2) . Whether the blackening of the terminal region of the vine was due to the selective accumulation of trehalose in this region was investigated. Vines 10-cm long, marked at 2-cm intervals from the apex, were fed 2% trehalose for 2 days. The different regions of the vine were then analyzed for trehalose. Trehalose was present in all the regions of the vine constituting about 23 to 36% of the total soluble sugars. There was about 50% more trehalose in the 2 to 4 cm region than in the other regions of the vine. The results showed that the localized blackening of the terminal (2.5 cm) region of the vine was not due to a selective accumulation of trehalose at this site.
The site of trehalose toxicity was analyzed with respect to the region of growth in Cuscuta vine. Excised vines (15 cm) were marked at intervals of 1 cm from the apex; their cut ends were dipped in (a) water, (b) BM, (c) BM + 2% sucrose, and (d) BM + 2% trehalose. After 4 days, the final length of the vines and the distance between the marks were measured. The growth increment in the vines places in water, BM or BM + sucrose occurred to almost the same extent, being 80%1o. The maximum elongation occurred in the terminal 2-cm region of the vine (Fig. 3) . In contrast, the growth increment of vines placed in trehalose was only 13%. These vines blackened in the terminal 2.5-cm region and somewhat more. Thus, trehalose feeding resulted in the blackening of that region of the vine which is involved in elongation growth. When a 50-cm long vine was fed 2% trehalose, blackening of the apical tissue occurred on the 9th day. Strikingly, a previously dormant lateral bud, which had been released from apical dominance and had started to grow, also blackened. The important point disclosed from this observation was that the actively growing region in Cuscuta vine was the site of trehalose toxicity. In an experiment with 15-cm vine, the inhibition of growth was evident as early as 12 h, although the blackening of the vines started only after 36 h (Fig. 4) .
A close observation of the trehalose-fed vine revealed that minute droplets appeared in the 0 to 2 cm region prior to blackening. Blackening developed later as a patch at the area of the droplet. Soon after, the entire site turned black. The exudate turned brown and subsequently gelled. Trehalase activity was detected in all shoot explants grown in all treatments (Table III) . It was low in Phaseolus. These observations suggested that favorable or unfavorable effects caused by trehalose may be related to the presence of high or low trehalase activity, respectively. This idea was corroborated by the finding that trehalase activity was very low in Cuscuta (Table III) .
Growth of Lemna in Trehalose-Medlum. The relation between growth in trehalose and presence of trehalase activity was studied further in a duckweed, Lemna. Because of its small size, it could be cultured in small volumes of test solutions. Moreover, the plant can be grown as a heterotroph in dark. Lemnapucicostata (strains LP6 and 6746) did not grow in absence of a sugar in darkness. Both trehalose and sucrose supported the growth of the fronds. Significant trehalase activity was prent in both strains, whether grown in the presence or in the absence of trehalose. As in the other plants examined, trehalase was constitutive. The presene of trehalase activity explained the growth of L1m in medium containing trehalose.
The consequence of feeding trehalose to L patctcostata LP6 when its trehalase activity was intibited was studied. The effect of trehalosamine (2-deoxy-2-amino-a-D-glucopyranosyl-a-D-glucopyranoside), an inhibitor of trehalases from fungi (4), bacteria, insects, and mammals (16), was studied. It was found that 20 mm trehalosamine totally inhibited trehalase activity in the cell-free homogenates of L. paucicostata LP6 with 10 mM trehalose as the substrate. It also inhibited trehalase from the thermophilic fungus, Thermomyces lanuginosus, by 95%.
Multiplication of fronds of L. paucicostata LP6 occurred in medium containing trehalose, but not in media containing trehalose + trehalosamine or trehalosamine alone (Fig. 5A) . Whether trehalosamine caused reversible or irreversible inhibition of growth was determined by transfering these fronds to medium containing sucrose. After 12 days, those fronds that had been initially placed in BM showed growth (Fig. 5B ), but those that had received treatment with trehalosamine did not. This showed that Lemna fronds had suffered irreparable damage. Whether this resulted from an inhibition of endogenous trehalase activity or from the toxicity of trehalosamineper se could not be investigated because of the paucity of trehalosamine.
Accumulation of Trehalose. The observations suggested that in plants with low trehalase activity, trehalose may accumulate and cause growth inhibition or produce toxic syndrome. To verify this, the presence oftrehalose in Cuscuta, Phaseolus, and L. paucicostata LP6 was checked in the neutral fractions of the ethanolic extracts of tissues. Trehalose was not detected in Cuscuta, Phaseolus, and L. paucicostata LP6. However, trehalose was detected in Cuscuta and Phaseolus after feeding this sugar. It was not detected in L. paucicostata LP6 even after trehalose feeding.
Using purified trehalase, it was confirmed that trehalose did not occur naturally in Cuscuta, Phaseolus, and L. paucicostata LP6. When cultured in 2% trehalose, the explants of Cuscuta and Phaseolus accumulated trehalose to an extent of 29 and 79% of total sugars, respectively. The fronds of L. paucicostata LP6, cultured in medium containing trehalose, did not accumulate trehalose. These results showed that those plants which accumulated this sugar exhibited toxic symptoms upon trehalose feeding.
DISCUSSION
Our observations show the toxic effect of a,a-trehalose to some higher plants for the first time. a,a-Trehalose, 2-aminotrehalose, and 4-aminotrehalose were toxic (Table II) indicating the requirement of a-1,1-linkage of two glucose moieties for causing the toxicity. The structural specificity required for causing the toxic effect in Cuscuta is striking. The trehalose analogs, a,a-galactotrehalose and fl,fi-trehalose, which supported growth were probably cleaved by nonspecific a-galactosidase and fi-glucosidase, respectively. a,a-Allotrehalose neither supported growth nor was toxic. This could be due to conformational 'puckering' of allose, causing it to be nonreactive in living tissue.
It is significant that trehalose exerted its toxic effect only in the growing region of the vine (Fig. 2) . The observation that the decapitated shoot tip responded to trehalose and turned black indicated that the meristematic cells are not the prime sites of its action. Therefore, trehalose seems to affect the region of cell elongation rather than of cell division in the shoot tip of Cuscuta. This situation is similar to the inhibition caused by galactose on cell expansion in tomato roots (13) . The specific effect of trehalose on the elongation growth of Cuscuta may be potentially useful in clarifying biochemical mechanisms involved in elongation growth in dicotyledonous stems.
The ability of pollen grains of several plants to germinate in medium containing trehalose was correlated with the presence of trehalase activity (12) . The present study has established that growth of higher plants in trehalose is related to the presence of trehalase. The plants which showed symptoms of toxicity possessed low trehalase activity (Table III) . The observation gives credence to the idea that the toxic effect of trehalose is correlated with a low trehalase activity in plant. The analysis of trehalose content within the tissue after trehalose feeding suggests that, if allowed to accumulate within the plant, trehalose may become potentially toxic or inhibitory to higher plants.
The toxicity of trehalose to higher plants would explain the absence of trehalose in angiosperms. It is possible that the roots of higher plants may encounter trehalose in soil where this sugar may come from the lysis of spores and mycelium of soil fungi. Higher plants could also encounter trehalose during their symbiotic or parasitic association with bacteria, fungi, or insects. In such conditions, trehalase would serve to relieve the plant from the toxic effects of trehalose. The significance of the presence of trehalase in higher plants, where its substrate has not been found, may lie in the survival value afforded to plants by the conservation of a trehalase gene. We may thus explain the hitherto unknown (9) role of trehalase in higher plants.
The present findings may have implications in understanding the significance of the selection of sucrose rather than trehalose as the translocatory sugar in the higher plants. Arnold (3) reasoned that the translocatory sugar in plants should be a protected (nonreducing) derivative of glucose since the cytoplasm of phloem has glucose-metabolizing enzymes. The protected derivatives of glucose which occur predominantly in nature are sucrose and trehalose. Because of its inherent toxicity to higher plants, trehalose would rule itself out as a candidate. This would probably explain the selection of sucrose, which has the desired properties, as the translocatory sugar in plants.
